Bacterial motility and gene expression are controlled by a family of phosphorylated response regulators whose activities are modulated by an associated family of protein-histidine kinases. In chemotaxis there are two response regulators, CheY and CheB, that' a residue that is conserved in all homologous response regulator proteins (5). Two additional highly conserved residues, Asp-12 and Asp-13, bind a Mg2+ ion that is essential for phosphorylation (6, 7). CheY, like many other response regulators, has an associated autophosphatase activity; phospho-CheY has a half-life of =10 sec. Phosphatase activity is enhanced by an auxiliary regulatory protein, CheZ (8).
N-phosphoryl group in phosphoramidate (NH2PO3-) as a phospho-donor. This enzymatic activity probably reflects the general ability of response regulators to accept phosphoryl groups from phosphohistidines in their associated kinases. It provides a general method for the study of activated response regulators in the absence of kinase proteins. CheY can also use intermediary metabolites such as acetyl phosphate and carbamoyl phosphate as phospho-donors. These reactions may provide a mechanism to modulate cell behavior in response to altered metabolic states.
In bacteria, a family of phosphorylated response regulators controls gene expression and motility in response to environmental signals (for reviews see refs. 1-3). These proteins are generally composed of a conserved N-terminal regulatory domain of =120 amino acids linked to variable C-terminal effector domains. The response regulator that controls motility in chemotaxis, CheY, is an exception in that it is composed solely of the regulatory domain. It has an a/B structure with a five-stranded parallel 8-sheet surrounded by five a-helices (4) . CheY is phosphorylated at Asp-57, a residue that is conserved in all homologous response regulator proteins (5) . Two additional highly conserved residues, Asp-12 and Asp-13, bind a Mg2+ ion that is essential for phosphorylation (6, 7) . CheY, like many other response regulators, has an associated autophosphatase activity; phospho-CheY has a half-life of =10 sec. Phosphatase activity is enhanced by an auxiliary regulatory protein, CheZ (8) .
The activity of response regulators is controlled by a family of histidine kinases that are autophosphorylated in the presence of ATP (1) (2) (3) . The phosphotransfer mechanism involves the intermediate formation of a phosphohistidine residue in the kinase. In chemotaxis, the rate of phosphorylation of the histidine residue in the kinase, CheA, is stimulated by membrane chemoreceptor proteins (9, 10). The phosphoryl group is then rapidly transferred to CheY to control motility. Another chemotaxis response regulator, CheB, also accepts phosphoryl groups from CheA. -CheB provides a feedback adaptation mechanism. Phosphorylation of its N-terminal regulatory domain stimulates a C-terminal catalytic activity that modifies the chemoreceptors to attenuate CheA kinase activity (9, 11) .
Although in many cases a specific kinase has been implicated in the regulation of a given response regulator, considerable cross specificity has also been observed (12) (13) (14) . The phenotypes of kinase mutants have indicated that response regulators can be phosphorylated in the absence of their cognate kinases (15) (16) (17) (18) (19) (20) . Here we show that CheY and CheB are enzymes that catalyze their own phosphorylation using low molecular weight phospho-donors. Thus, the enzymology of aspartate phosphorylation is an inherent property of the response regulators that can occur independently of any other protein. (22) .
MATERIALS AND METHODS

Materials
Proteins. Wild-type and mutant CheY proteins as well as CheZ and CheB were purified as described (23) (24) (25) . Protein purity was estimated to be >95% on the basis of SDS/PAGE.
[3H]Methyl-labeled Tar receptor in Escherichia coli membranes was prepared as described (25 3). Proteins stimulation of its receptor methylesterase activity (11) . Phosphoramidate, in the complete absence of the kinase, had a similar effect (Fig. 5) . Of the three phospho-donors that phosphorylate CheY, only phosphoramidate activated CheB. The relative inactivity of CheB in the presence of acyl phosphates is consistent with the lack of CheB phosphorylation by acetyl [32p]phosphate (Fig. 3) and the absence of CheB acyl phosphatase activity (Fig. 4) .
DISCUSSION
We have shown that response regulators can be phosphorylated and activated in the absence of any auxiliary proteins. This demonstrates that phosphotransfer is catalyzed by the response regulators. The conserved residues and metal ion at the active site of the response regulators may now be evaluated in regard to the mechanism of phosphotransfer. A passive role of the protein-histidine kinases in phosphotransfer is consistent with the observation that a phosphorylated N-terminal fragment of CheA lacking the conserved histidine kinase domain can donate phosphate to CheY (28 Kinase-independent activation of CheY has previously been suggested based on the effects of acetate on the swimming behavior of E. coli (17) . A motile strain that lacks all of the chemotaxis components except CheY is smoothswimming. Addition of acetate to this strain induces tumbly behavior. This result may now be understood in terms of phosphorylation of CheY by acetyl phosphate. There are two pathways for the production of acetyl phosphate from extracellular acetate: one uses acetyl-CoA synthetase to produce acetyl-CoA, which can then be converted to acetyl phosphate by phosphate acetyltransferase; the other pathway utilizes acetate kinase to directly generate acetyl phosphate. Acetate uptake via acetyl-CoA synthetase may be favored compared with acetate uptake via the kinase since the former pathway uses two ATP equivalents while the latter only uses one. The kinase reaction may work primarily in reverse to generate ATP. Acetate-induced tumbly behavior appeared to be dependent on acetyl-CoA synthetase rather than acetate kinase (17) .
Small-molecule phospho-donors may also be important in other systems. The phosphate regulon is controlled by two histidine kinases, PhoR and PhoM, and a transcriptional regulator, PhoB. Overproduction of acetate kinase can restore expression of phosphate-mediated gene expression in a strain lacking both PhoM and PhoR (29) . Phosphorylation of PhoB by increased levels of acetyl phosphate could explain this observation. In the osmoregulation system, expression of the two porins, OmpF and OmpC, is under the control of a histidine kinase, EnvZ, and a transcriptional activator, OmpR. Phospho transfer between EnvZ and OmpR has been demonstrated in vitro. However, in an envZ mutant, Forst et al. (19) were able to detect high levels of phospho-OmpR. A possible explanation for this observation is that OmpR was phosphorylated by low molecular weight phospho-donors. In support of this explanation, preliminary experiments using acetyl [32P]phosphate as phospho-donor have demonstrated OmpR phosphorylation. In the nitrogen regulation system, transcription of the glutamine synthetase gene, glnA, is regulated by a histidine kinase, NtrB, and a transcriptional regulator, NtrC. It has been shown that in vitro transcription ofglnA requires phospho-NtrC (38) . However, elimination of the histidine kinase, NtrB, has little effect on the in vivo level of glutamine synthetase expression (15) . Cross-talk from 720 Biochemistry: Lukat et al.
other histidine kinases has been used to explain activation of response regulators in the absence of their cognate kinases. Phosphorylation of response regulators by low molecular weight phospho-donors provides an additional mechanism for this activation.
In an environment containing multiple potential phosphodonors, specificity ofresponse regulators for particular donor pools would be necessary for appropriate physiological responses. CheY and CheB exhibit substrate specificity for small-molecule phospho-donors. CheY can use acetyl phosphate, carbamoyl phosphate, and phosphoramidate; CheB uses only phosphoramidate. Neither protein is phosphorylated in the presence of nucleoside triphosphates or creatine phosphate. Specificity is also apparent with protein phosphodonors. In in vitro cross-talk experiments, the rates of phosphotransfer between heterologous kinases and regulators vary dramatically (12) (13) (14) .
The specificity of a given response regulator for particular phospho-donors suggests that these small molecules may provide metabolic inputs that control regulators in response to the internal state of the cell. It has been assumed that the flow of phosphate in all "two-component" systems is from the histidine kinase to the response regulators. The (33) .
The discovery that low molecular weight phospho-donors can be used to phosphorylate response regulators will facilitate the physical and biochemical characterization of these enzymes. Since the kinase is no longer required for phosphorylation, the activated proteins may now be studied in isolation. For instance, the results reported here show unequivocally that the autophosphatase activity of CheY and its enhancement by CheZ can occur independently of CheA and that phosphorylation per se is sufficient for the activation of the CheB methylesterase.
The effect of phosphorylation on the intrinsic fluorescence of CheY is consistent with the proposal that activation of CheY involves a conformational change triggered by protein phosphorylation (4) . Generation ofa phosphoaspartic residue in a number of different ion-translocating ATPases induces a conformational change that provides a crucial energycoupling step for ion transport (34, 35 ). An analogous conformational transition may operate in response regulators to provide a phospho-activated switch mechanism. Like CheY, the ion-translocating ATPases can use acetyl phosphate as a phospho-donor (36, 37) . In summary, we have shown that both CheY and CheB contain the necessary catalytic residues for their own phosphorylation. In addition, the generation of phosphorylated response regulators with low molecular weight phosphodonors will facilitate further characterization of these activated proteins in the absence of auxiliary kinases. Finally, the possibility has been raised that low molecular weight phospho metabolites could have a significant role in the regulation of signal-transduction pathways. 
